This paper summarizes the analysis and qualification of the primary tank structure of the MWTF, as performed by ICF Kaiser Hanford during the latter phase of Title I (Preliminary) design. Both computer finite element analysis (FEA) and hand calculations methods based on the so-called Tank Seismic Experts Panel (TSEP) Guidelines (reference 1) were used t o perform the analysis and evaluation. An axisymmetric FEA model was used t o evaluate the tank under the following conditions:
The normal operating loads of gravity and hydrostatic loading. Secondary stresses caused by the thermal expansion of the tank due t o the heat transferred by the agitation process and the waste, and the creep and seismic displacements of the primary tankkecondary tank connection point. Seismic loads, including the effects of hydrodynamic pressures, tank inertia (negligible compared with the hydrodynamic effects), and sloshing.
Hand calculations based on the closed-form evaluation methodologies presented in the TSEP Guidelines were used t o check the following response items:
Hoop stress Slosh height Base shear Sliding Axial compression capacity of the tank walls.
The following additional calculations were also performed: 0 parametric calculations for the determination of an optimum bottom knuckle radius, an evaluation of t h e bottom plate at locations where it spans unsupported over the cooling channels in the support pad, an evaluation of the buckling potential of t h e bottom plate under t h e operating vacuum load, and calculations t o satisfy the thickness requirements of t h e ASME Code, subarticle NC-3900.
Based on the evaluations summarized in this paper, it is concluded that t h e primary tank structure of t h e MWTF satisfies the project design requirements specified in the project design criteria and the ASME B&PV Code. Specifically, the stresses in the tanks induced by the various. service level loads are within the corresponding allowable limits defined in the ASME B&PV Code, Section 111, Division 1 , subsection NC, 1992 edition.
In addition, the hand calculations performed using the methodologies provided in the TSEP Guidelines demonstrate that, except for slosh height, the capacities exceed the demand. The design accounts for the adverse effect of the excessive slosh height demand, i.e., inadequate freeboard, by increasing the hydrodynamic wall and roof pressures appropriately, and designing t h e tank for such increased pressures.
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APPROACH AND EVALUATION
Finite Element Model
An axisymmetric finite element model of the primary tank steel structure was constructed using the ANSYS computer program (reference 2). The configuration and dimensions used a s a basis in constructing the model were taken from the preliminary tank drawing shown in Figure 1 . Preliminary evaluations of the compressive stresses at the bottom knuckle indicated that a bottom knuckle thickness of 1 inch was not adequate. Therefore, a thickness of 1-1/8 inch w a s used a s the thickness of the bottom knuckle in t h e finite element model and in all the subsequent evaluations. The finite element model utilizes t w o element types: (il axisymmetric shell elements with non-axisymmetric loading capabilities representing the primary tank steel, and (ii) twodimensional elements, which may maintain or break physical contact and slide. The latter element type represents the interface between t h e primary tank steel and t h e support pad a t the bottom of the tank. This element type, Le., the t w o dimensional interface element, is active under axisymmetric loading conditions such a s thermal expansion, gravity or hydrostatic loading, and is inactive under non-axisymmetric loads, since under such conditions it is meaningless because of computer program limitations. The initial axisymmetric loading is used t o determine which of the interface elements break contact a t the tank bottom near the bottom knuckle, and that information is used t o simulate the boundary conditions during the non-axisymmetric seismic loading. T h e material properties input are those at the design temperature. A corrosion allowance of (0.001 inch/year) x (50 years design life) has been considered in the shell thicknesses input. An additional erosion allowance of (0.003 inch/year) x (50 years design life) has also been considered for the bottom plate, t o account for the effects of the mixing pump discharge jet.
The resulting finite element model is shown in Figure 2 . the dead load of the tank steel, the displacement of the connection point of the primary tank t o t h e concrete structure due t o the soil and concrete overburden, the hydrostatic pressure for the maximum level of liquid, and the design pressure for the vapor space above the maximum liquid level.
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The resulting stresses were evaluated against t h e ASME B&PV Code, Section 111, Division Since the stresses caused by relative seismic displacements are also considered secondary by the ASME Code, t h e seismic displacements o f the connection point of t h e concrete dome t o the primary tank were added t o the thermal displacements in a conservative manner and analyzed together. The previously described finite element model w a s used in the analysis.
.
The stress acceptance criteria uses the stress limits given in Appendix Xlll of Section 111 of the ASME Code; Le., primary plus secondary stress intensity ( P , + P, $ 0) should be less than 3.0 S , . The secondary stress analysis calculated the maximum stress intensity to be 42,694 psi. Since the calculated stress is less than the allowable limit of 3.0 S, = 68,400 psi, the tank design is acceptable under t h e service level B loads. Figure 4 shows the displaced shape under the applied service level B loads.
Hvdrodvnamic Pressure Calculations
The information provided in Chapter 4 of the TSEP Guidelines was used t o evaluate t h e hydrodynamic pressures and forces of liquid motions induced by earthquake ground motion in the liquid storage tanks. The impulsive and convective hydrodynamic pressures (Pi and Pc) were computed for a horizontal component affected by ground motion. The hydrodynamic wall pressure (P,) induced by the vertical component of the ground motion w a s also calculated. A Newmark-Hall type median response spectrum with a ZPA of 0.35 g w a s used a s the DBE for this analysis. The three hydrodynamic pressures are shown graphically in Figure 5 . Table 2 shows the equations and damping values used for computing the hydrodynamic pressures. In a tank with inadequate freeboard the sidewall'pressure will increase due to t h e constraint of t h e sloshing liquid by t h e roof. Mathematically, this situation can be idealized by treating a portion the liquid a s being "attached" to t h e tank wall, Le., accelerating with t h e acceleration of t h e tank wall. However, the ratio of the mass of this portion of liquid to the total mass is unknown. A conservative upper bound of this ratio, however, is t h e difference between t h e total mass of the liquid and the mass of the portion already responding in t h e impulsive mode. In t h e case of the'MWTF, the fraction o f t h e mass responding in the impulsive mode is 0.53, and therefore, the conservative estimate of t h e liquid mass fraction causing the sidewall pressure increase is 1 minus 0.53, or 0.47. For tanks having adequate freeboard, this fraction of mass responds with the convective acceleration (0.099g's in the case of t h e MWTF; see Table 2 ). However, if the freeboard is not adequate, t h e same fraction of mass will respond with a higher acceleration, conceivably a s high a s the impulsive spectral acceleration (0.78g's in the case of t h e MWTF), with a heightwise variation of t h e convective pressures. Based on this explanation, a conservative estimate of the increased convectivg pressures on t h e sidewalls can be obtained by factoring the customary convective pressures shown dashed in Figure 5 by t h e ratio of the impulsive to convective spectral accelerations, or 0.78/0.099 = 7.88. ' The convective pressures thus factored to account for the inadequate freeboard are also shown in Figure 5 . It is also noted that, since a s explained above, this increased pressure is caused by the spectral impulsive acceleration, t h e impulsive and increased convective pressure effects are combined in an additive manner, which is conservative in comparison to the square-root-of-the-sum-of-the-squares (SRSS) method of combination ordinarily used.
. Convective pressures will also act upon those portions of the tank above the liquid surf ace. Therefore, the increased sidewall convective pressure distribution described above is extended above t h e liquid surface in accordance with Equation (4.3) of reference 1.
Operating Plus Seismic Loads (Service Level D) Analvsis
The calculated hydrodynamic pressures, including the pressures resulting from inadequate freeboard, were applied to the previously described finite element tank model. A load combination w a s performed to combine the normal operating loads with t h e seismic hydrodynamic loads. The inertia effects of the tank itself must also be added to t h e hydrodynamic effects. However, a s stated in Section 4.3.6 of the TSEP Guidelines, for top-supported t a n k s and tanks for which the roof mass is not substantial compared with that of the contained liquid (such a s the MWTF tanks), the effects of tank's self inertia are negligible compared with the hydrodynamic effects. Therefore, the tank inertia effects are ignored hereafter. Although the impulsive and convective hydrodynamic pressures are exerted only on one-half of the tank depending on the direction of horizontal earthquake component, they are applied in a non-axisymmetric manner in the. circumferential direction,
i.e., with a cosine 8 variation where 0" 5 8 2 360". This implies negative impulsive and convective pressure applications for 90" I 8 I 270'. However, negative pressures are not realistic; therefore, t h e results are only evaluated for -90' I 8 I 90°.
A supplementary analysis has been performed to verify the validity of the assumption implicit in the above paragraph. The analysis showed that the use of a two-dimensional axisymmetric model, and, therefore, the application of negative horizontal pressures for 90° I 8 I 270", does not significantly affect the results a t 8 = 0" which is the location of maximum responses. A three-dimensional finite element model of the primary storage tank structure has been constructed for t h e purposes of this supplementary analysis. Figure 6 shows the model and the distribution of the hoop membrane stresses in t h a t model under the impulsive pressure loading. Since the structure and the loadillg are symmetric, only one-half of the tank ( 0" I 8 S 180' ) is modeled, and the impulsive pressures are applied with a cosine 8 distribution for 0" 5 8 I 90" in the circumferential direction and t h e distribution shown in Figure 5 in the meridional direction. The threedimensional model has a smaller number of elements in t h e meridional direction than the two-dimensional axisymmetric model (20 versus 96 elements). Nonetheless, the comparison of the results of the t w o and three-dimensional models shows that similar results are obtained in both cases, and thus the assumption that the two-dimensional axisymmetric model is adequate for the evaluation of the stresses a t the critical circumferential location of 8 = 0" is verified. The results a t 8 = 0" are in good agreement since, for example, the maximum hoop membrane stresses calculated by t h e use of three and two-dimensional models are 6970 psi and 7096 psi, respectively.. per NC-3200
Since per the TSEP Guidelines earthquake loading is considered t o be a service level D loading, the stresses obtained using the axisymmetric model are evaluated against the ASME B&PV Code, Section 111, Division 1, subsection NC, level D allowables. The service limits shown in the ASME code are as follows: where the terms are as defined previously. Table 3 summarizes the results of this evaluation. Figure 7 shows the displaced shape under the applied service level D loads. According t o the results shown in Table 3 , all the evaluated stress components are less than their corresponding allowables, and therefore, the tank .design is acceptable under service level D loads.
Seismic CaDacitv Evaluations Der the TSEP Guidelines
Chapter 5 of the TSEP Guidelines provides an approach to performing seismic capacity evaluations by hand calculations of either anchored or unanchored flat-bottom metal liquid storage tanks. The following seismic capacities of the primary storage tanks were evaluated in accordance with the TSEP Guidelines as an alternate t o the finite element analysis.
Base Shear Capacity: The base shear capacity provided by friction is calculated to be 6,144 kips, and exceeds the sliding base shear load of 5,556 kips. The shear stress in the tank metal cross section area at the bottom of the tank is calculated t o be 2.07 ksi, which is much less than the tank metal allowable shear stress o f 13.66 ksi.
Hoop Tension: The calculations show that the pressure capacities (P, ) exceed the total inelastic-factored demand pressure (Pti) by a substantial margin. The summary results are shown in Compressive stresses a t various locations of t h e primary storage tank structure were calculated by t h e finite element analyses and were compared with allowable stresses. The summary results of those comparisons are shown in Table 5 . As shown in Table 5 , all the demand stresses are less than the corresponding allowables; therefore, the tank design is acceptable in terms of the compressive stresses.
Evaluation of Bottom Plate Areas not Sumorted bv Concrete
Local bending stresses were evaluated in the tank bottom plate areas where no concrete support is provided; i.e., a t the central air-distribution chamber, nondestructive examination slots, and air-distribution slots. The first t w o locations are identified a s critical because of their large plate spans. Pressure normal t o t h e plate in these regions causes local bending stresses that must not exceed the ASME code allowables for service levels A, 6, and D. Membrane stresses alone are not checked since their values are unchanged from those already evaluated a s described above. The previously calculated membrane plus bending thermal stresses are added to the bending stresses a t t h e extreme fibers t o obtain t h e membrane plus bending stress and stress intensity components. Conservative assumptions are made, such a s simply supported edges and a full tank.
Portion of Bottom Plate a t t h e Central Air Distribution Chamber: For service level A, the pressure is computed by adding fluid weight, steel plate weight, and vapor pressure. For level 6, membrane plus bending thermal stresses are obtained from the axisymmetric analysis described earlier and added t o stresses obtained from level A. For level D, the pressure from level A is increased by the vertical hydrodynamic component shown in Figure 5 . The stress results are summarized in Table 6 .
Bottom Plate at the Nondestructive Examination Slots: For service level A, t h e pressure is t h e same a s that used for t h e central air distribution chamber. For level 6, membrane plus bending thermal stresses are obtained from the axisymmetric tank analysis. For level D, the pressure from level A is increased by three hydrodynamic maximum components; i.e., the impulsive, vertical and convective pressures shown in Figure 5 . The stress results are summarized in Table 6 . 
I ( I )
Although not required by the ASME Code, secondary loads, Le., thermal expansion and creep induced top displacement loads, are conservatively included in t h e compressive stress evaluations of the portion of the tank in contact with the liquid. Hydrodynamic pressure loading does not increase the compressive stress values used in the evaluation, and therefore, are not included in the load combinations.
The three values shown are for the three shell course thicknesses of 1, 7/8 inches and 3/4 inches, respectively.
Allowable stress criteria could not have been satisfied had the bottom knuckle thickness not been increased to 1-1 18 inches. 
Neqative Pressure Evaluation
Evaluations were performed to determine the effect of a negative pressure of 0.22 psi, equivalent t o that o f -6 inches of water, inside the primary tank on bottom plate uplift and wall buckling. The evaluations are in accordance with ASME NC-3932.6, Special Considerations Applicable t o Bottoms Resting Directly on Foundations, and ASME NC-3 1 33.3, Components Under External Pressure, Cylindrical Shells and Tubular Products, respectively.
Bottom Plate Uplift Evaluation: Per ASME NC-3932.6, a weight equilibrium method based on net thicknesses of the material, exclusive of corrosion allowance, is used to demonstrate that the bottom plate will not experience uplift due t o a negative pressure o f -6 inches. The tank is considered as completely empty in the evaluation. This is conservative since the weight of any fluid in the base resists uplift. The weight of the bottom plate, which is 0.8 inch thick (1 inch less the 0.2 inch erosion and corrosion allowance), is equivalent to that of 6.28 inches o f water. Because this value exceeds the uplift pressure of 6 inches of water, it is concluded that the bottom plate will not experience uplift.
Wall Buckling Evaluation: ASME NC-3 1 33.3 rules are implemented for calculating the allowable external pressure, which is the same as an allowable internal negative pressure, on the primary tank wall. In performing this analysis, conservative assumptions are made such as a cylinder length of about 500 inches and a uniform nominal wall thickness of 0.75 inches, which is the minimum nominal wall thickness. A 0.05 inch allowance for corrosion is considered. It is found that the wall buckling capacity under internal negative pressure is equivalent t o that of 20.88 inches of water. Therefore, the wall will not buckle under an internal negative pressure of 6 inches of water.
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Minimum Wall Thickness Calculations
Calculations were performed to verify t h e adequacy of the wall thicknesses of t h e dome, cylindrical tank, and the lower knuckle using t h e criteria specified in NC-3900. The minimum wall thicknesses were also checked for t h e hydrotest condition since t h e entire dome will be unanchored during the hydrotest. Because the hydrotest pressure is 2 5 % higher than t h e design pressure, the tensile stress allowables for this evaluation are assumed t o be 2 5 % higher than the service level A allowables.
The actual thicknesses for the anchored (backed by concrete) and unanchored portions of the dome are 1 / 2 inch and 3 / 4 inch, respectively. Although, by analysis, t h e necessary thickness in t h e anchored portion is found to be only 3/8 inch, the thickness is increased t o 1/2 inch to account for the large number of penetrations and t o allow for potential corrosion due t o condensation. In the anchored portion, both the meridional and hoop stresses are tensile. The maximum stress is calculated to be 7,045 psi, which is significantly lower than the allowable tensile stress of 21,687 psi. In t h e unanchored portion of the dome, the meridional stress is compressive. The maximum compressive stress of 1 0 , 2 4 8 psi occurs a t the dome and cylindrical shell junction. The allowable compressive stress is calculated t o be 14,500 psi.
As shown in Figure 1 the cylindrical shell thickness varies from 3/4 inch to 1 inch. For the thickness calculation, the worst case occurs when t h e tank is filled with liquid waste t o the maximum allowable height and the pressure in t h e vapor space is equal to t h e maximum positive design pressure (2.89 psi). The critical location for the cylindrical shell is its junction with the lower knuckle. The meridional and hoop stresses are tensile at this location. The minimum required thickness, including a 50-year-life corrosion allowance of 0.05 inch, is calculated t o be 0.724 inch, and this is less than t h e 1 inch thickness available a t t h a t location.
The lower knuckle has a radius of 24 inches and is 1-1/8 inches thick. For the normal operating condition and design pressure in the vapor space, the required thickness a t the cylinder-knuckle junction is 0. I 16 inch, which includes a corrosion allowance of 0.05 inch. However, the hydrotest condition is the critical c a s e since the meridional stress becomes compressive for this case. The minimum thickness required in this case is 1 inch, resulting in a compressive stress of 1 1,318 psi. This is less than the allowable compressive stress of 14,580 psi calculated for a 1 inch thick wall. Although the minimum thickness required t o satisfy ASME Code Subsection NC-3900 is 1 inch, the lower knuckle thickness has been increased to 1-1/8 inches t o satisfy the compressive stress requirements a s shown in Table 5 .
Therefore, based on the preceding discussion, the selected dome, tank, and lower knuckle thicknesses are adequate and meet the minimum thickness requirements of NC-3932.
Parametric Evaluations
The bottom knuckle radius of 24 inches appearing in Figure 1 w a s determined a s a result of a parametric evaluation. The objective of this study w a s the determination of the optimum bottom knuckle radius since increasing t h e radius has compensating effects on the stresses resulting from different loadings, i.e., increasing the knuckle radius helps Pressure. psi . 
